Abstract Ubiquitin is a 76-amino acid protein that is highly conserved among higher and lower eukaryotes. The polyubiquitin gene UBI4 encodes a unique precursor protein that contains five ubiquitin repeats organized in a head-to-tail arrangement. Although the involvement of the yeast polyubiquitin gene UBI4 in the stress response was reported long ago, there are no reports regarding the underlying mechanism of this involvement. In this study, we used UBI4-deletion and UBI4-overexpressing yeast strains as models to explore the potential mechanism by which UBI4 protects yeast cells against paraquat-induced oxidative stress. Here, we show that ubi4Δ cells exhibit oxidative stress, an apoptotic phenotype, and a decreased replicative lifespan. Additionally, the reduced resistance of ubi4Δ cells to paraquat that was observed in this study was rescued by overexpression of either the catalase or the mitochondrial superoxide dismutase SOD2. We also demonstrated that only SOD2 overexpression restored the replicative lifespan of ubi4Δ cells. In contrast to the case of ubi4Δ cells, UBI4 overexpression in wild-type yeast increases the yeast's resistance to paraquat, and this overexpression is associated with large pools of expressed ubiquitin and increased levels of ubiquitinated proteins. Collectively, these findings highlight the role of the polyubiquitin gene UBI4 in apoptosis and implicate UBI4 as a modulator of the replicative lifespan.
Introduction
Ubiquitin (Ub) is a 76-amino acid protein that is highly conserved in higher and lower eukaryotes and exists in cells as either a free protein or covalently joined via its carboxylterminal Gly residue to a substrate protein (termed ubiquitination). Ubiquitination is well known for its role in protein degradation, protein quality control and cell division (Finley and Chau 1991) .
Four different genes encode ubiquitin in the yeast Saccharomyces cerevisiae: UBI1, UBI2, UBI3 and UBI4. Interestingly, UBI1, UBI2 and UBI3 encode hybrid proteins in which ubiquitin is fused to unrelated amino acid sequences (UBI1 and UBI2 encode the same 52-residue tails, whereas UBI3 encodes a different, 76-residue tail), while UBI4 encodes a polyubiquitin precursor protein that contains five ubiquitin repeats that are arranged in a head-to-tail sequence. This polyubiquitin precursor protein is rapidly cleaved into ubiquitin monomers after its synthesis (Fraser et al. 1991; Ozkaynak et al. 1987) . The unique precursor protein structure of UBI4 suggests that it plays a special role in biological processes.
UBI1, UBI2 and UBI3 are strongly expressed in exponentially growing yeast cells, whereas the UBI4 gene is relatively weakly expressed (Fraser et al. 1991) . Previous studies suggested that UBI4-deleted mutants are hypersensitive to stress, Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12192-017-0860-3) contains supplementary material, which is available to authorized users. such as high temperature, starvation, oxidative stress and the presence of amino acid analogues, and that the levels of the UBI4 transcript were markedly increased under the stressed conditions, but the underlying mechanism of these behaviours has not yet been reported (Chen and Piper 1995; Finley et al. 1987; Watt and Piper 1997) .
We report here that deletion of the yeast polyubiquitin gene UBI4 results in reduced resistance to the oxidizing agent paraquat (PQ), and this decrease could be rescued by overexpression of catalase and mitochondrial superoxide dismutase SOD2. Ubi4Δ cells exhibit oxidative stress and apoptotic phenotypes as well as a decreased replicative lifespan (RLS). Moreover, overexpressing UBI4 in wild-type yeast increases yeast resistance to PQ, which may be due to large pools of expressed ubiquitin and increased levels of ubiquitinated proteins. These findings highlight the role of the polyubiquitin gene UBI4 in apoptosis and ageing.
Materials and methods

Yeast strains and culture conditions
All the yeast strains that were used in this paper were derived from haploid wild-type BY4742 cells (listed in Table 1 ).
Polymerase chain reaction (PCR)-mediated gene disruption was used to generate ubi4Δ mutants (Baudin et al. 1993) . First, a gene-specific disruption cassette (containing the selective marker URA3) was generated by PCR using the primers 5′-CTCGAACTCTCCCTCCCACTTTACTT TAACTAATAGATTAGATTGTACTGAGAGTGCAC-3′ and 5′-ATATATATATTGACATAATGAAAATATTGCGA GGACTGACTGTGCGGTATTTCACACCG-3′ and the template plasmid pRS306. Second, the PCR product was purified and transformed into the wild-type strain, which allowed the gene disruption cassette to replace the UBI4 ORF by recombination. Positive clones grew on selective plates (SD-URA), and gene disruption in these colonies was further confirmed by PCR (Suppl. Fig. 1 ).
To generate a UBI4 overexpression yeast strain (UBI4OX), a fragment that started 555 bp upstream from the UBI4 ORF and ended 318 bp downstream from the UBI4 ORF (thus containing the UBI4 ORF) was amplified from wild-type yeast genomic DNA using the primers UBI4-S (5′-TATA CTAGTTCATCTTATTCGCGCAGGGC-3′) and UBI4-A (5′-GATGTCGACTTATGTGCGTTTACTGGAGA-3′). These primers included a SpeI site and a SalI site, respectively. The PCR product was then purified and cloned into the vector pRS303. Next, the recombinant plasmid pRS303-UBI4 was digested with Tth111I and transformed into the wild-type strain so that this linearized plasmid could recombine with genomic DNA. Positive clones grew on selective plates (SD-HIS), and these colonies were further confirmed by PCR (Suppl. Fig. 2) . This method allowed an extra copy of UBI4 with its endogenous promoter to be integrated into strain BY4742 (Stearns et al. 1990 ).
Plasmid construction and yeast transformation
The constitutive expression vector pAUR123 (containing the aureobasidin A-resistance gene), which has the ADH1 promoter, was used to overexpress UBI4, CTT1, CTA1, SOD1 and SOD2. The entire ORF of each gene was amplified from wild-type yeast genomic DNA by PCR and then cloned individually into the empty pAUR123. The primers used to amplify these target genes are listed in Table S1 .The recombinant plasmids were transformed into the Escherichia coli strain DH5α. DNA sequencing of these plasmids was performed by Life Technologies (Guangzhou, China).
The plasmids pAUR123UBI4, pAUR123CTT1, pAUR123CTA1, pAUR123SOD1 and pAUR123SOD2 were each transformed into ubi4Δ or wild-type cells. The transformants were screened by growing them at 30°C for 2 days on YPD medium that had been supplemented with 0.2 g/ml aureobasidin A. The presence of the relevant overexpression vector in each of these strains was verified by using PCR.
Growth rate determination
The yeast growth rates were analysed by using a Bioscreen C machine (Growth Curves, USA) (Delaney et al. 2013 ). First, a single colony of each yeast strain was inoculated into YPD medium and was grown overnight at 30°C with shaking. Next, overnight cultures were adjusted to an OD 600 of 0.1 by diluting with fresh YPD medium or 2 mM PQ-supplemented YPD medium in culture plates, the plates were constantly shaken at 30°C for more than 2 days, and the optical density (OD) values were recorded at 600 nm every 2 h. This experiment was repeated three times, and the averages were used to generate growth curves. Statistical significance was calculated by using the Friedman test. p < 0.05 was considered to indicate a significant difference.
Spot assay
Spot assays were used to analyse the resistance of yeast to PQ. Briefly, a single yeast colony was added to a volume of liquid YPD medium, and the culture was grown overnight at 30°C. Next, 5 ml of fresh liquid YPD was inoculated with the overnight culture and grown to the exponential phase. Cells were collected and washed with phosphate-buffered saline (PBS), and the concentration was adjusted to an OD 600 of 0.1. The cells were then diluted with sterile PBS in a 5-fold series, 5 μl of each dilution was spotted onto solid medium with or without PQ (2 mM), and the samples were allowed to grow for approximately 3 days at 30°C.
RLS assay
The RLS assay was used to count the total number of daughter cells that were generated by individual mother cells. Briefly, an appropriate number of cells (grandmother cells) that were derived from a single colony were patched along a vertical line on a YPD plate, which was then kept at 30°C for approximately 2 h. Next, virgin daughters (mother cells) were selected for RLS analysis. The daughter cells of these cells (granddaughter cells) were removed using a fibre-optic needle under a microscope. The total number of granddaughter cells that were generated by the mother cells was recorded, and growth curves were obtained by plotting the average number of granddaughter cells produced by a given strain as a function of the age point (Steffen et al. 2009 ). Statistical significance was calculated by using the Wilcoxon rank-sum test. p < 0.05 was considered to indicate a significant difference.
Real-time PCR
Exponential phase cells were pelleted and washed thrice with precooled PBS after they had been treated with or without 2 mM PQ for 1 h; total RNA was then extracted using a Yeast RNAiso Kit (Takara, Japan). This RNAwas then reverse transcribed. Real-time quantitative PCR was performed in a LightCycler 480 instrument using the SYBR Green method. The expression of the target genes was quantified relative to that of the PRP8 housekeeping gene. The primers that were used for RT-PCR are listed in Table S2 . Each experiment was repeated three times. Statistical significance was calculated by using the Student's t test. p < 0.05 was considered to indicate a significant difference.
Analysis of ROS production and mitochondrial membrane potential
Intracellular reactive oxygen species (ROS) production was quantified by using the dichlorodihydrofluorescein diacetate (DCFH)-DA method (Chen et al. 2003) . Briefly, DCFH-DA was de-esterified to DCFH and then further oxidized to green fluorescent DCF by ROS. To analyse intracellular ROS production, exponential phase cells were pelleted and washed thrice with precooled PBS after they had been treated with or without 2 mM PQ for 12 h; the cells were then harvested and incubated with 5 M DCFH-DA at 30°C in the dark for 1 h. Finally, the pellet was washed three times with precooled PBS, and the mean green fluorescence intensity was determined by using flow cytometry (BD FACS Canto II). The mitochondrial membrane potential was determined by using the fluorescent dye rhodamine 123, which is incorporated specifically into the mitochondria in a manner that depends on the mitochondrial membrane potential (Ludovico et al. 2001) . To analyse the mitochondrial membrane potential, exponential phase cells were pelleted and washed thrice with precooled PBS after they had been treated with or without PQ for 12 h. The samples were then incubated for 30 min with 10 mM rhodamine 123 at 30°C in the dark, after which the mitochondrial membrane potential of the yeast was analysed by using flow cytometry (BD FACS Canto II). Statistical significance was determined using the Student's t test. p < 0.05 was considered to indicate a significant difference. This study
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Enzyme activity assay
Exponential phase cells were pelleted and washed three times with precooled PBS after being treated with or without 2 mM PQ. Cell extracts were generated by using glass beads to disrupting cells in buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 2 M citrate, 10% glycerol and 1 mM PMSF); after centrifugation, the supernatants were used for enzymatic assays. Protein concentrations were determined by using a Bradford Protein Assay Kit (Sangon Biotech, China). Catalase activity, superoxide dismutase activity, glutathione peroxidase activity, and hydrogen peroxide content were quantified using commercial assay kits (Beyotime Biotechnology, China).
Apoptotic marker assay
Apoptosis was analysed by using Annexin V-fluorescein isothiocyanate (FITC) staining and quantifying caspase-3 activity. Annexin V labelling (Dojindo Molecular Technologies, Japan) was performed as described previously (Herker et al. 2004; Ligr et al. 2001) . Briefly, exponential phase cells were pelleted and washed three times with precooled PBS after they had been treated with or without 2 mM PQ; the cell wall was then digested with 120 U of zymolyase in a solution that was composed of 1.2 M sorbitol, 0.5 mM MgCl 2 , and 35 mM PO4 3 at pH 6.8 and 30°C. After the cell walls had been digested, the cells were washed with PBS. The protoplasts were then resuspended in Annexin V binding solution, incubated with FITC-conjugated Annexin V for 15 min at room temperature, and analysed with a flow cytometer. The caspase-3 activity assay is based on spectrophotometric detection of the chromophore p-nitroaniline (pNA) after it has been cleaved from the labelled substrate DEVD-pNA. The pNA light emission was quantified at 400 nm using a spectrophotometer or a microtitre-plate reader. Briefly, exponential phase cells were pelleted and washed three times with precooled PBS after they had been treated with or without 2 mM PQ. Cell extracts were generated using glass beads to disrupt the cells in buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 2 M citrate, 10% glycerol and 1 mM PMSF). After centrifugation, the supernatants were used to determine the caspase-3 activity with the Caspase-3 Assay Kit according to the manufacturer's instructions (Abcam, USA).
Western blot analysis
To analyse the ubiquitination profile of the yeast strains (except for the detection of free ubiquitin proteins), whole extracts of yeast were analysed by SDS-PAGE using 15% Tris-glycine gels. The separated proteins were then transferred to a PVDF membrane (0.45 μM, Millipore, USA). To better separate low-molecular mass-free ubiquitin proteins (8.5 kDa), total extracts from yeast were separated by Tricine-SDS-PAGE (16.5% tricine-SDS-polyacrylamide gel, with a 10% spacer gel) (Schagger 2006 ) and transferred to a PVDF membrane (0.22 μM, Millipore, USA). The membrane was blocked with 3% BSA powder in TBST buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, and 0.1% Tween 20) and incubated with the first antibody (1:1000 dilution) at 4°C overnight; after this step, the membrane was incubated with an AP-labelled secondary antibody (1:2000 dilution). The immunoreactive signal was revealed by NBT/BCIP regents. Anti-GAPDH and anti-ubiquitin monoclonal antibodies were purchased from Cell Signaling Technology (CA, USA).
Results ubi4Δ cells are sensitive to PQ
PQ is commonly used to generate ROS and oxidative stress in cells (Suntres 2002) . To explore the potential mechanism of UBI4 action on the oxidative stress response, a UBI4-deletion strain of yeast was generated using a homologous recombination-mediated one-step gene disruption method. The growth rate of the ubi4Δ cells and their sensitivity to oxidative stress caused by PQ were then examined. No obvious differences were observed between the ubi4Δ and the wild-type cells when they were under unstressed conditions; when under PQ-stressed conditions, the ubi4Δ cells exhibited hypersensitivity to PQ (Fig. 1a, b) .
Increased ROS production and mitochondrial hyperpolarization in ubi4Δ cells
Complex I is the main site where PQ produces mitochondrial superoxide, and PQ can induce cell death by impairing mitochondrial membrane permeability (Cocheme and Murphy 2008; Huang et al. 2016) . UBI4 deficiency increases the sensitivity of yeast cells to PQ. An investigation of the ROS level by flow cytometry showed that the intracellular ROS level was higher in ubi4Δ cells than in wild-type control cells under unstressed conditions, suggesting the oxidative stress in ubi4Δ cells. After stressing the cells with 2 mM PQ for 12 h, the difference became more evident (Fig. 2a) . Accordingly, ubi4Δ cells that were stressed with PQ also exhibited augmented induction of mitochondrial hyperpolarization (Fig. 2b) .
ubi4Δ cells exhibit decreased catalase expression
Increased intracellular ROS concentrations are always due to an imbalance of pro-oxidants and anti-oxidants (Ayer et al. 2014) ; thus, we determined the activity of several canonical anti-oxidative enzymes, such as superoxide dismutase, catalase and glutathione peroxidase under both unstressed and stressed conditions. Catalase activity was obviously lower in ubi4Δ cells than in wild-type cells under both unstressed and stressed conditions (Fig. 3a) , but superoxide dismutase and glutathione peroxidase activities were identical in the two strains (data not shown). Catalase is the enzyme that primarily Fig. 1 UBI4-deleted cells are sensitive to PQ. Cell proliferation assays with wild-type and ubi4Δ cells in YPD medium with or without PQ were performed by the Bioscreen C MBR machine (a). *p < 0.05 indicated a significant difference. Wild-type and ubi4Δ cells were 5-fold serially diluted and spotted onto YPD plates or PQ-supplemented YPD plates. These plates were kept at 30°C until colonies formed (b). pAUR123, empty plasmid; pAUR123UBI4, UBI4 overexpression plasmid Fig. 2 Increased ROS production and mitochondrial hyperpolarization in ubi4Δ cells. Wild-type and ubi4Δ cells were grown with or without 2 mM PQ stress in liquid YPD medium for 12 h, then stained with DCFH-DA and subjected to flow cytometry to detect intracellular ROS (a) or stained with rhodamine123 and subjected to flow cytometry to determine mitochondrial membrane potentials (b). The results are displayed as the mean fluorescence value. *p < 0.05 was considered to indicate a significant difference, and **p < 0.01 was considered to indicate a highly significant difference Fig. 3 Ubi4Δ cells have decreased catalase activity. Catalase activity assay of the wild-type and ubi4Δ cells (a) under the unstressed and PQ-stressed conditions. Intracellular H 2 O 2 levels of the wild-type and ubi4Δ cells (b) under the unstressed and PQ-stressed conditions. *p < 0.05 was considered to indicate a significant difference, and **p < 0.01 was considered to indicate a highly significant difference decomposes H 2 O 2 ; thus, we next determined the level of intracellular H 2 O 2 under both unstressed and stressed conditions. As expected, the H 2 O 2 level in ubi4Δ cells was greater than that in wild-type cells (Fig. 3b) . The elevated intracellular H 2 O 2 levels also indicated oxidative stress in ubi4Δ cells.
UBI4 deficiency induces early apoptosis in yeast ROS production and hyperpolarization of the mitochondrial membrane are always associated with increased apoptosis Kim et al. 2003) . The yeast cell wall was digested, and the samples were subjected to an Annexin V-FITC-labelled apoptosis assay. The mean FITC fluorescence intensity under unstressed conditions was stronger in ubi4Δ cells than in wild-type control cells. After stressing the cells with 2 mM PQ for 12 h, the difference became more evident (Fig. 4a) . Caspase-3 activity, an early marker of cells that are undergoing apoptosis, was also greater in ubi4Δ cells than in wild-type cells under both unstressed and PQ-stressed conditions. Moreover, the caspase-3 activity in the PQ-stressed ubi4Δ cells gradually increased during the first 6 h of incubation and slightly decreased after incubation for 9 h (Fig. 4b) .
UBI4 deficiency decreases the RLS
Much evidence indicates that dysregulation of the apoptotic process may be involved in some ageing processes. Therefore, we further investigated the RLS of ubi4Δ cells on standard YPD plates and determined that fewer daughter cells were generated by ubi4Δ cells (mean RLS = 20, decreased by 20%, p < 0.05) than by wild-type cells (mean RLS = 24) (Fig. 5) .
Overexpression of catalase and superoxide dismutase can rescue the phenotype that is associated with UBI4 deficiency Since ubi4Δ cells exhibit reduced catalase expression, we overexpressed the catalase-coding genes CTT1 and CTA1 in cells and found that overexpression of either CTT1 or CTA1 could restore the resistance of ubi4Δ to 2 mM PQ (Fig. 6a, b) . We also overexpressed the superoxide dismutase-coding genes SOD1 and SOD2 in ubi4Δ cells; interestingly, only SOD2 overexpression restored the resistance of ubi4Δ to 2 mM PQ (Fig. 6c, d) . Moreover, we demonstrated that only SOD2 overexpression restored the RLS (increased by 20%) of ubi4Δ cells to the level of that exhibited by wild-type cells (Fig. 6e) .
Overexpression of UBI4 increases resistance to PQ
We next investigated the effect of UBI4 overexpression on yeast resistance to PQ. We made a UBI4 overexpression (UBI4OX) strain that expresses UBI4 protein under its natural promoter. We used qPCR to evaluate the expression level of UBI4 in the UBI4OX strain and found that the UBI4 messenger RNA (mRNA) expression level in the UBI4OX strain was about 3-fold higher than that of the wild-type strain (data not shown). A growth curve analysis showed that the UBI4OX strain was more tolerant to PQ stress (Fig. 7a) , which was consistent with the spot assay results (Fig. 7b) .
Although overexpression of UBI4 increases the resistance of yeast to PQ, the RLS assay showed that no obvious Fig. 4 UBI4 deficiency induces apoptosis in yeast. Wild-type cells and ubi4Δ cells were grown with or without PQ stress in liquid YPD medium; the cell wall was then digested, and the cells were subjected to an Annexin V-FITC-labelled apoptosis assay (a). Total protein extracts were collected and subjected to a caspase-3 activity assay (b). Caspase-3 activity was detected by the production of pNA from the cleavage of Ac-DEVD-pNA substrate. The pNA light emission at 400 nm was quantified by a microtitre plate reader. *p < 0.05 was considered to indicate a significant difference, ** p < 0.01 was considered to indicate a highly significant difference and N is the total number of mother cells that were used for the RLS assay. Statistical significance was calculated by using the Wilcoxon rank-sum test, and *p < 0.05 indicated a significant difference difference existed between UBI4OX and wild-type cells (Fig.  7c ). This result indicated that enhanced resistance of the UBI4OX strain to PQ was irrelevant to RLS.
UBI4 overexpression leads to significant increases in ubiquitination under PQ-stressed conditions
Since UBI4 deficiency decreases resistance to PQ and overexpression of UBI4 increases resistance to PQ, we examined the patterns of ubiquitination in wild-type, ubi4Δ and UBI4OX cells. Total protein extracts from untreated and PQ-treated cells were examined by using Western blots. Tricine-SDS-PAGE was used to separate free ubiquitin proteins (8.5 kDa). As expected, mono-ubiquitin levels were lower in ubi4Δ cells and higher in UBI4OX cells than in wildtype cells under unstressed conditions (Fig. 8a) . After the cells were stressed with PQ, mono-ubiquitin levels in wild-type and UBI4OX cells both increased; in contrast, the mono-ubiquitin levels in stressed ubi4Δ cells were much lower than those in unstressed ubi4Δ cells.
We next examined the patterns of ubiquitinated proteins in wild-type, ubi4Δ and UBI4OX cells. Under unstressed conditions, ubiquitinated protein levels were lower in ubi4Δ cells than in UBI4OX and wild-type cells, which had similar levels (Fig. 8b) . Ubiquitinated protein levels were significantly higher in PQ-treated UBI4OX cells than in unstressed UBI4OX cells. Ubiquitinated protein levels in PQ-treated wild-type and ubi4Δ cells were decreased compared to their unstressed counterparts.
Discussion ubi4Δ cells exhibit oxidative stress
Although the involvement of the yeast polyubiquitin gene UBI4 in the stress response was reported long ago, there are no reports regarding the underlying mechanism (Chen and Piper 1995; Finley et al. 1987; Fraser et al. 1991) . Deleting (or overexpressing) specific genes from yeast and studying the responses of the resulting strains to stress agents constitutes an ideal methodology for the characterization of gene functions. In this study, we used UBI4-deleted and UBI4-overexpressing yeast strains as models to explore the potential mechanism of UBI4 action on the oxidative stress response.
First, we have shown that ubi4Δ cells exhibited obvious growth defects under PQ-stressed conditions. This behaviour is consistent with the previous finding that inactivation of UBI4 results in reduced resistance to oxidative stress.
PQ inducing the formation of intracellular ROS is one mechanism of PQ-induced cell toxicity. Therefore, we further investigated the level of intracellular ROS by using flow Fig. 6 Overexpression of catalase and superoxide dismutase can rescue the phenotype that is associated with UBI4 deficiency. Cell proliferation (a) and spot assays (b) of CTT1-or CTA1-overexpressing ubi4Δ cells. Cell proliferation (c) and spot assays (d) of SOD1-or SOD2-overexpressing ubi4Δ cells. RLS lifespan assay of the CTT1-, CTA1-, and SOD2-overexpressing ubi4Δ cells (e), Mean lifespans and cell counts are shown in parentheses, and N is the total number of mother cells used for the RLS assay. Statistical significance was calculated by using the Wilcoxon rank-sum test, and *p < 0.05 indicated a significant difference cytometry. The results showed that the intracellular ROS level was higher in ubi4Δ cells than in wild-type control cells under both unstressed and stressed conditions, and this difference became more pronounced when cells were treated with PQ, indicating intracellular oxidative stress in ubi4Δ cells.
Intracellular excess ROS production is always associated with the imbalance between pro-oxidant and anti-oxidant systems. Budding yeast, as a higher eukaryote, has two defence systems to eliminate intracellular ROS, enzymatic (such as catalase and superoxide dismutase) and non-enzymatic systems (such as glutathione and thioredoxin) (Jamieson 1998 ).
We monitored the activity of several canonical anti-oxidative enzymes, such as superoxide dismutases, catalase and glutathione peroxidases. Catalase activity was obviously lower in ubi4Δ cells under both unstressed and PQ-stressed conditions, but superoxide dismutase and glutathione peroxidase activities were identical in the two strains (data not shown). Catalase is the principal H 2 O 2 -scavenging enzyme in yeast; thus, we further investigated intracellular H 2 O 2 levels in ubi4Δ cells. Accordingly, the H 2 O 2 levels were higher in ubi4Δ cells under both unstressed and PQ-stressed conditions, providing additional evidence for oxidative stress in ubi4Δ cells.
Unlike humans, budding yeast cells possess two different types of catalase enzymes to remove H 2 O 2 : peroxisome-localized catalase A (encoded by CTA1) and cytosol-localized catalase T (encoded by CTT1) (Cohen et al. 1988; Hartig and Ruis 1986) . The regulation of catalase under oxidative stress is complex and unpredictable (Choi et al. 2009 ). To determine the mechanisms by which UBI4 deficiency inhibits catalase activity, we examined whether catalase activity was regulated at the mRNA level in ubi4Δ cells, and the data showed that there was no significant difference in the mRNA expression levels of CTA1 and CTT1 between the ubi4Δ cells and wild-type cells (data not shown), suggesting that UBI4-deficiencyinduced inhibition of catalase activity was not mediated Fig. 7 Overexpression of UBI4 increases yeast resistance to PQ. Cell proliferation assays for wild-type and UBI4OX cells in YPD medium with or without 2 mM PQ were performed by a Bioscreen C MBR machine (a). *p < 0.05 indicated a significant difference. Wild-type and UBI4OX cells were 5-fold serially diluted, spotted onto YPD or PQsupplemented YPD plates. These plates were kept at 30°C until colonies formed (b). RLS of UBI4OX cells (c). Mean lifespans and cell counts are shown in parentheses, and N is the total number of mother cells that were used for the RLS assay. Statistical significance was calculated by using the Wilcoxon rank-sum test, and *p < 0.05 indicated a significant difference Fig. 8 UBI4 overexpression increases ubiquitination under PQ-treated conditions. Changes in the levels of Ub monomers were evaluated by Western blotting (Tricine-SDS-PAGE) in lysates from yeast cells that had not been treated with PQ and had been treated with 2 mM PQ for 12 h (a). Changes in the levels of ubiquitinated proteins were evaluated by Western blotting (15% SDS-PAGE) using lysates from yeast cells that had not been treated with PQ and had been treated with 2 mM PQ for 12 h (b). Quantification of ubiquitin monomers and ubiquitinated proteins by densitometry by a decrease of catalase at the mRNA level. Previous research has suggested that catalase could be inactivated by increased H 2 O 2 (Altomare et al. 1974) . Moreover, activated caspase-3 has also been suggested to inhibit catalase activity because of its proteolysis, not because of mRNA expression inhibition (Iwai et al. 2003) .
UBI4 deficiency induces early apoptosis in yeast
Excessive intracellular amounts of ROS can cause oxidative damage to mtDNA and mitochondrial membrane proteins, resulting in structural changes and dysfunction of mitochondria and subsequently triggering the initiation of apoptosis (Breitenbach 2005; Lin and Beal 2006; Pyatrikas et al. 2015; Zhang et al. 2015) . Furthermore, mitochondrial hyperpolarization is an event that is associated with the early stages of apoptosis (Fedoseeva et al. 2017; Gao et al. 2008) . Interestingly, ubi4Δ cells exhibited augmented mitochondrial hyperpolarization under the PQ-stressed conditions. Similar apoptotic pathways have been identified in organisms from yeast to mammalian cells. An early, sensitive cellular marker of apoptosis is the exposure of phosphatidylserines at the outer leaflet of the cytoplasmic membrane (Martin et al. 1995) . In yeast, exposed phosphatidylserines can be detected by using FITClabelled Annexin V upon cell wall digestion. The mean fluorescence strength is higher in ubi4Δ cells than in the wild-type strain under the unstressed conditions, and the difference became larger after the cells were stressed with PQ, indicating that UBI4 deficiency induces early apoptosis in yeast and that the UBI4-deleted cells were more susceptive to PQ-induced apoptosis.
Another hallmark of early apoptosis is the presence of caspase activity, which was also detected in this study. Caspase-3 is one of the most important caspases and plays a central role in mediating nuclear apoptosis (Rona et al. 2015) . As shown in Fig. 4b , caspase-3 activity was greater in ubi4Δ cells than in wild-type cells under both unstressed and PQ-stressed conditions. Moreover, the caspase-3 activity in the PQ-stressed ubi4Δ cells gradually increased during the first 6 h of incubation and slightly decreased after incubation for 9 h. These data suggest that UBI4 could be a potential anti-apoptotic gene in yeast.
Approximately 17 pro-apoptotic genes and 4 antiapoptotic genes are related to the yeast ageing process and in nearly all cases; the deletion of one of these apoptosis-related genes impacts either the chronological or replicative lifespans (Laun et al. 2012) . No study has been carried out to determine the correlation between apoptosis-related genes and lifespan (Laun et al. 2008) . We also demonstrated that the mean replicative lifespan was lower (decreased by approximately 20%, p < 0.05) in ubi4Δ cells than in wild-type mother cells.
Upregulation of anti-oxidative enzymes can rescue the phenotype that is associated with UBI4 deficiency As discussed above, ubi4Δ cells exhibit markedly low catalase activity. Therefore, we overexpressed the catalase-coding genes CTT1 or CTA1 in ubi4Δ cells, resulting in increased resistance of ubi4Δ cells to PQ; thus, the low resistance might due to decreased catalase activity in ubi4Δ cells.
In contrast, ubi4Δ cells that were stressed with PQ exhibited augmented induction of mitochondrial hyperpolarization, suggesting impaired mitochondrial function. Therefore, we determined whether overexpression of the mitochondrial superoxide dismutase SOD2 reduces oxidative stress defects that are associated with UBI4 deficiency; SOD2 overexpression does indeed restore the resistance of ubi4Δ to PQ, although not quite as well as the wild-type cells. We also overexpressed the cytoplasm-localized SOD1 in ubi4Δ cells and found that the rescue effect that was observed for SOD2 overexpression was absent under these conditions. Moreover, we investigated whether overexpression of catalase and superoxide dismutase could rescue the decreased RLS that is associated with UBI4 deficiency, but only SOD2 overexpression could restore the RLS of ubi4Δ cells. By contrast, we previously reported that overexpression of SOD2 cannot extend the RLS of wild-type budding yeast (Zhao et al. 2014) . Hence, these results are indirect evidence for mitochondrial dysfunction in ubi4Δ cells.
Overexpression of UBI4 increases both mono-ubiquitin levels and ubiquitinated proteins levels under the PQ-stressed condition Ubiquitin is a small protein that is highly conserved in organisms from yeast to high eukaryotes and can be covalently linked to itself or other proteins (termed ubiquitination). Ubiquitination plays a significant role in the targeting of specific proteins (such as abnormal, shortlived and denatured proteins) for cytoplasmic degradation (Goldberg 2003) . Ubiquitin is also involved in the regulation of gene expression, membrane protein delivery and receptor internalization (Aguilar and Wendland 2003; Jackson and Durocher 2013) .
Growth curve analysis and spot assays clearly showed that the UBI4OX strain is resistant to PQ. Therefore, we examined the ubiquitination profile of ubi4Δ cells and UBI4OX cells. On the one hand, the mono-ubiquitin levels were lower in ubi4Δ cells and higher in UBI4OX cells than in wild-type cells under the unstressed conditions. After the cells were stressed with PQ, the mono-ubiquitin levels in wild-type (increased 60%) and UBI4OX cells (increased 71%) had both increased, while the mono-ubiquitin levels in ubi4Δ cells were much lower (decreased 53%) than those found under unstressed conditions. Since the mono-ubiquitin levels significantly increased in UBI4OX cells and ubiquitin is also involved in the regulation of gene expression and DNA damage responses (Buckley et al. 2012; Rajendra et al. 2014) , one possible explanation of the increased resistance of UBI4OX cells to PQ is that a set of specific genes that are involved in DNA damage responses was upregulated in UBI4OX cells, making it able to withstand PQ-induced oxidative stress. Additionally, why were monoubiquitin levels in ubi4Δ cells decreased under PQ stress? This effect might due to UBI1, UBI2 and UBI3 genes, which according to a previous report, were weakly expressed under the stress condition (Fraser et al. 1991) .
We also showed that total ubiquitinated protein levels decreased in both wild-type (by 35%) and ubi4Δ cells (by 33%), but increased significantly in UBI4OX cells (by 79%) when PQ stress was applied. Increased ubiquitinated protein levels have been suggested to be concomitant with increased proteolysis, which could reduce the toxic effects of the oxidized proteins on yeast cells (Myeku and Figueiredo-Pereira 2011; Shang and Taylor 2011; Wing et al. 1995) . Therefore, we speculated that the harmful oxidized protein that had been generated by PQ was easily degraded by the ubiquitinmediated degradation pathway. This explanation might account for the increased resistance of UBI4OX cells to PQ.
It should be noted that total ubiquitinated protein levels were decreased in wild-type cells under the PQ-stressed condition, although mono-ubiquitin levels were obviously increased in wild-type cells under the PQ-stressed condition; in contrast, both the mono-ubiquitin levels and total ubiquitinated protein levels were increased in UBI4OX cells under the PQ-stressed condition. We speculated that PQinduced high levels of mono-ubiquitin expression on wildtype cells may be an adaptive response of the yeast to oxidative stress induced by PQ but may not increase the ubiquitination of target proteins. Another possible explanation is that PQ may, at least to some extent, impair the protein ubiquitination pathway. Previous studies also reported that PQ can induce ubiquitin/proteasome system dysfunction (Navarro-Yepes et al. 2016; Yang et al. 2007) .
In summary, the present study demonstrates that the deletion of yeast polyubiquitin gene UBI4 results in reduced resistance to the oxidizing agent PQ and that this phenotype is rescued by overexpression of either catalase or mitochondrial superoxide dismutase SOD2. Additionally, ubi4Δ cells exhibit greater oxidative stress and an apoptotic phenotype, and these factors may cause the decreased RLS that is observed in this study. In addition, we demonstrated that only SOD2 overexpression restores the RLS of ubi4Δ cells. Moreover, overexpression of UBI4 in wild-type yeast increases the yeast's resistance to PQ; this result is associated with large pools of expressed ubiquitin and increased levels of ubiquitinated proteins. These findings highlight the role of polyubiquitin gene UBI4 in apoptosis and ageing, although no exact molecular mechanism linking UBI4 and these processes has been elucidated. Investigations of the molecular mechanisms that form the basis of these observations will be informative.
